We examine the consequences of leptoquark explanation of HERA anomaly in the context of R parity conserving supersymmetric gauge unified theory with the gauge unification scale at ∼ 10 16 GeV. We pointed out the difficulty of constructing a grandunified theory. However gauge unification is still possible at ∼ 10 16 GeV when additional multiplets are introduced. We determine the mass spectrum of these additional fields (fermions and scalars) in gauge mediated and supergravity scenarios. Unique signatures and mass bounds are discussed.
+ p scattering seen by H1 [1] and ZEUS [2] collaboration at HERA, if confirmed by further experimentation, would be a clear indication of physics beyond the Standard Model (SM). Explanation of this anomaly have been advanced in terms of contact interactions generated by physics beyond the SM [3] , in terms of s-channel leptoquark production [4] or in terms of modification of the parton distribution function [5] . Contact interactions have to satisfy various constraints e.g. atomic parity violation, LEP data, CCFR data etc. Although it is possible to construct such models, these typically predict similar anomalous events in e − p data and excess e + e − events in Drell-Yan process at high Q 2 in FERMILAB, evidence for either is lacking at present. Leptoquark explanation has been pursued in the context of R-parity conserving or R-parity violating supersymmetric theory. These states occur as resonances at a mass of ∼ 200-220 GeV. In this paper we shall pursue the leptoquark explanation of HERA data, but in the context of R-parity conserving supersymmetric gauge unification. We prefer to maintain R invariance because this allows the lightest SUSY particle to be a candidate for dark matter. Further, in R violating scenarios [6] there are numerous arbitrary coupling e.g 27 of λ and E c , U c , D c are the lepton, uptype and down type singlets respectively; and also λ ′ and λ ′′ can not appear together in the same superpotential, since that gives rise to rapid proton decay. In this present paper we shall demand that any additional leptoquark states postulated in the SU(3) × SU(2) × U(1) context be part of supersymmetric gauge unification picture so as to be theoretically attractive. Since the leptoquark mass is 200-220 GeV, we expect that there are other fields around this mass in order to maintain gauge unification.
We first consider gauge unification in the context of a grandunified theory like SU(5) [7] . Lowest dimensional representation of SU (5) that we can have leptoquarks in is the 10 dimensional representation. However, because 10 dimensional representation is formed from the antisymmetric combination of5 ×5, its SU(5) invariant coupling5 i5j 10 k is antisymmetric in the generation indices i and j. Thus the leptoquark can not couple to the first generation quarks and lepton as needed to explain the HERA events. One then has to consider a higher dimensional representation like 15, which is symmetric in the product 5 ×5. To remove gauge anomalies one also requires15 representation, which also makes the representation vector like. However 15 representation has diquark fields which belong
This along with the leptoquark in (3,2,1/6) representation makes the couplings blow up as they evolve at around 10 11 GeV, long before unification. This is true for all representation with higher dimensions. We have also investigated flipped SU(5) × U(1) models [8] where leptoquarks in10 dimensional representation can arise from a product of 10 × e c . These states can give rise to leptoquarks in e − p scattering as well as e + p. Leptoquarks of the type Qe c and d c e c are present. We will point out that their masses at the low energy scale are very close to each other in any realistic scenario. In this paper we give up grandunification for the most part, and instead consider the limited assumtion of gauge coupling unification at a large scale.
We shall assume that there is a leptoquark field with transformation (3,2,1/6) and to remove anomalies, the conjugate representation is also present. The leptoquark field will couple to d c and (ν, e − ), but the conjugate fields have no direct coupling to matter. The conjugate field has gauge couplings that will allow them to be produced in pp collisions at FERMILAB, but only indirectly through mixing at HERA. Since there are terms in the potential which allows mixing between the field and the conjugate field, the signature will bethe same as the original field. Consequently, if these masses are not well seperated, Tevatron could have seen or will see the effect of this additional state in the near future. To maintain perturbative gauge unification we now add diquark and dilepton content of 10 representation (3,1,-2/3) and (1, 1, 1) and their conjugate. We shall refer to these multiplets of new fields as f and their conjugate asf . Another interesting aspect of the R-parity conserving theory is the presence of the fermionic partners of the leptoquarks-the leptoquarkino [9] . The leptoquarkino decays into missing energy plus the same final state as a leptoquark does. The leptoquarkino production crosssection at Tevatron is higher than the leptoquarks for the same mass, since they are fermions. Consequently the leptoquarkino has to be heavier than the leptoquark to escape detection. This can be a problem since our natuaral expectation is the fermion masses are smaller than the scalar masses. We will show that it is possible to have the fermion masses become larger than the scalar masses by adding a singlet field. Since we are not using the SU (5), we can couple the leptoquark to just the first generation, diquarks and dileptons need to couple to additional generations.
We will consider the possibility that the leptoquark couples to other generation and derive bounds on the coupling to the matter fields. Our strategy is to write the superpotential involving the new fields and find the mass spectrum of both the fermions and scalars at low scale using appropriate renormalization group equations (RGEs) and the D-terms using two specific supersymmetric breaking models. We shall consider both the gauge mediated SUSY breaking scenario as well as gravity induced SUSY breaking since the process of transmission of information of SUSY breaking to the observable sector is still an area of active interest.
We shall explore the experimental signature for the new fields in present and future colliders.
We first show that with the choice of multiplets gauge unification is preserved even in two loop analysis. In Fig.1 we show the two loop evolution of gauge couplngs assuming α = 1/127.9, sin 2 θ W = 0.2321 and α 3 = 0.118 at M Z . If either the diquark or dilepton is left out, the gauge unification is not possibile. As mentioned, a similar attempt with higher dimensional representation will cause coupling to diverge well below unification. In order to calculate the mass spectrum of this model we need a superpotential. Let us first discuss the superpotential in the gauge mediated symmetry breaking (GMSB) scenario.
The gauge mediated SUSY breaking models have become very popular in last one year for several reasons. Since the SUSY breaking is communicated to the obsevable sector by SM gauge group or some other gauge group, the soft terms in these models are naturally flavor symmeteric. These models also have less number of input parameters than the models where SUSY breaking is communicated by gravity eg. A (coefficent of the trilinear term) term and B term (coefficent of the bilinear term) in the potentials are 0 at the GMSB sacle. The lightest supersymmetric particle (LSP) in these models is gravitino and the next to LSP (NLSP) is either a stau or a neutralino, depending on the parameter space. The signals of these kinds of SUSY breaking are spectacular since they have hard photon (neutralino is the NLSP) or a lot of taus (stau is the NLSP) in addition to the missing energy in the final states.
The superpotential with the leptoquarks at the GMSB scale can be written as:
where S 1 is a SM singlet, the necessity of the singlet field will be discussed later. M i 's are the soft breaking masses that get introduced by the same mechanism that generates the µ at the GMSB scale. We will make an ansatz that there is a common value for M i when we perform the calculation. Similarly, to make the theory predictive, we assume the λs are unified to a comman value of 1. When we write the potential from this superpotential there are terms like A i λ i φ iφi S 1 and M i B i φ iφi . There are actually three more terms in the superpotential involving the leptoquark and the quark and lepton field, the diquark and the two quark fields and the dilepton and two lepton fields These terms arise from from a GUT scale term like h k Ld c φ. The coupling h k required to explain the HERA events is quite small (∼0.05). Since the diquarks are color triplet (antisymmetric combination of two color triplet fields) fields and the dilepton are SU(2) singlet field, they need at least two generations for this kind of coupling to survive. We can assume that these new field couple to first and the 3rd generation.In fact if the leptoquarks (Ld c ) are coupled to the first generation only, the latest CDF bound rules out the leptoquark mass of about 210 GeV at 95% C.L. [13] using the NLO QCD calculation [14] . If we assume that the leptoquark couples to all generations flavor diagonally, then K → µe gets an unacceptable tree level contribution. We therefore forbid the leptoquark coupling to the second generation. However leptoquark can still couple to the third generation. This induces tree level contribution to B → τ e. The bound we get is h 1 × h 3 < 5.7 × 10 −3 , where h 1 and h 3 are the leptoquark coupling to the first and the third generation. Consequently a third generation coupling to the leptoquark of the same magnitude as the first generation (∼ 0.05) is allowed. Furthermore the inclusion of the third family implies that the leptoquark can decay into a τ and a b quark.In this case the crossection needs to be multiplied by a factor of 1/4 and the leptoquark mass bound reduces to 190 GeV.
There are also soft supersymmetry breaking gaugino (gluino, wino, bino) and scalar masses(squarks, sleptons, Higgs, fields in f andf ) due the gauge mediated interaction with the messenger fields. These masses at the messenger scale M are given by [10, 11] 
andm
where α i , i = 1, 2, 3 are the three SM gauge couplings and k i = 1, 1, 3/5 for SU(3), SU (2), and U (1), respectively. The C i are zero for gauge singlets, and 4/3, 3/4, and (Y /2) 2 for the fundamental representations of SU (3) and SU (2) and U(1) Y respectively. Here n corresponds to number of (5 +5 We run these λ's from the GUT scale to the GMSB scale by the following RGEs : We need to run the soft masses, B terms, A terms from the GMSB scale down to the weak scale wfor the new fields as well. The RGE's for the soft masses are given as: 
Similarly, B's evolve according to the following RGE's:
The mass parameters M's evolve according to the RGEs:
We can similarly write down the RGE for the soft breaking mass of the singlet S 1 . We use the ref. [12] for the RGE's for the gauge couplings,for the other soft masses e.g the gaugino (M i ), squark and slepton masses and for the other parameters like A t,b,τ . We keep µ as free parameter which is determined at the weak scale in the tree level by:
where tan β =
. After we run these equations down to the weak scale we have to include the D term contribution to the scalar masses, which is of the form:
These D-terms cause a mass splitting between f andf scalars. Further, there is mixing between f andf scalars through the B term in the potential. This is a large effect for diquarks and leptoquarks but small for dileptons. This is because B term can be large for color fields at the weak scale even if its boundary value is 0 at the GMSB scale. The actual mixing for the leptoquark is very nearly 45 0 . Consequently at HERA, the lighter combination of the mixed state is produced although e + q couples only to the f representation. The higher mass state is out of reach for HERA with the present energy. Similarly at Tevatron, one can produce either state through gluon exchange, but mass limits apply to to the lower mass state. The mass of the singlet field and the coupling of the singlet to the leptoquarks are needed here since if we look at RGE's we find the gauge part and the Yukawa part act in the opposite direction and we will want the leptoquark mass to be lower than the leptoquarkino mass. This is because the leptoquarkino production crosssection is always larger than the leptoquark production cross sections for the same mass, and the final state in the case of a leptoquarkino pair production will also have the leptons and jets. So the same bound which applies to leptoquark will also apply to the leptoquarkino. In Table 1 One can also produce leptoquark [15] and dilepton singly in eγ collider through a t channel exchange. The final state will be l+jet in the case of leptoquark and a 2 leptons plus missing energy (one lepton has to be other than electron, since the dileptons are connected to two leptons of different generations) in the case of dilepton. The fermionic partners of these fields: leptoquarkino, dileptino or diquarkino have interesting signatures in the colliders. The diquarkino will decay into a quark and a squark. The squark will eventually decay into a quark and neutralino (quark gluino channel is not suitable since gluino mass is large in GMSB models). The neutralino will give rise to a photon and a gravitino. When diquarkinos are pair produced the final state wil have 4 j+2 hard photons +missing energy. In the case of stau being the NLSP the diquarkino will decay into 4j+4τ lepton +missing energy, since each neutralino will deacy 100% of the time into 2τ +plus missing energy. The P T distribution of those 4 τ s will be different and two of them will have very high P T . This signature is very hard to miss. The production of these diquarkinos will be similar to that of top quark. The diquarkino mass of about 370 GeV will approximately give rise to one event (4jets + 4τ or2γ plus missing energy) in Tevatron with a luminosity of 110 pb −1 . So far 6 events having 4 jets plus missing energy (missing energy> 60 GeV have been observed [16] , but they are claimed to be consistent with the SM precesses plus detector induced background. The dileptino will decay to a lepton and a sneutrino or neutrino and slepton and sneutrino or slepton will decay into neutrino or lepton and a neutralino, which will give rise to final states lepton+missingenergy (slepton mass is less than the neutralino mass) when stau is lightest or the lepton+γ+ missing energy when neutralino is the lightest in the gauge mediated models. Consequently when they are produced in Tevatron or electron positron collider the dileptino pair can give rise to l + l − + 2γ+missingenergy signal. One such event 9where both the leptons are electrons) was claimed to be observed recently [17] . The same signal can be produced by the selectrons also. In an eγ collider the dileptino can be singly produced in the association of sneutrino through t-channel exchange of dileptino. Sneutrino decay gives rise to γ plus missing energy (neutralino is NLSP) or 4τ plus missing energy (lighter stau is the NLSP) in the final state. The leptoquarkino decays into a spositron (spositron decays into a positron and a neutralino with χ 0 → γG) and d quark (or squark and an electron, but the squark masses are large in these models) with the final state in the leptoquarkino pair production process has e + e − γγjj plus missing energy without any SM background. If lighter stau is the NLSP and neutralino is the NNLSP, the final state in the leptoquarkino pair production process has e + e − 2τ + 2τ − jj plus missing energy (since in this caseχ 0 → 4τ plus missing energy) . Out of these six leptons in the final state, one τ pair (produced from the decay of stau) has much higher P T than the other leptons. So far each CDF [18] and D0 [19] have reported one event in the e + e − jj plus missing energy channel. If we apply that bound we get leptoquarkino mass has to be greater than 345 GeV, since the pair producton crosssection is around 0.04 pb and e + e − detection efficiency is 0.2 assuming the leptoquarkino branching ratio to be 1. If however leptoquarkino branching ratio is 1/2 the bound becomes 290 GeV. One could also look for the signals of leptoquarkino production in e + γ colliders. The leptoquarkino can be singly produced in such a collider. In the gauge mediated SUSY breaking scenario, the final state has either a hard photon or τ + τ − along with electron +jets+missing energy. In all the above cases the fermion component of the new multiplet can be distinguished from the spin 0 component by hard photon or excess τ s and the missing energy.
If we had used the leptoquarks in SU (5)×U (1) unifying group, we would have 3 leptoquarks and a dilepton as discussed before. In this case the above analysis would be unchanged. However all the leptoquarks will have almost the same soft symmetry breaking mass at the GMSB scale (since all of them have color quantum number) and their masses at the weak scale also will be very close (D term can not produce much of a splitting). This means that not only HERA, but also the Tevatron will see these 3 leptoquarks within a small mass range. The dilepton (ν c e c ) can be produced at FERMILAB through Drell-Yan mech-anism and has an interesting signature (e + e − e + e − jjjj) arising from the decay of dilepton into eν R , followed by ν R → eW − → ejj.
In the supergravity motivated theory the soft masses are introduced at the GUT scale.
We assume the squark, Higgs and slepton the new f multiplet all have same soft mass m 0 .
The gaugino masses are also unified to a common mass m 1/2 . The other parameters are the bilinear coefficient of the ff and the S 1 S 1 term in the superpotential and the coefficient of the same bilnear terms in potential. Unlike the gauge mediated model the bilinear coefficent need not be 0 to start with. In the case of supergravity motivated theory the signals are different from the GMSB models signals. Since neutralino is the LSP, there is no hard photon or high P T τ s in the final state. For example, the diquarkino would decay into quark and squark and the squark will deacy into a quark and missing energy. The final state will be 4jets+missing energy when the diquarkino is pair produced. The leptoquarkino pair will give rise to a jjl + l − plus missing energy and the dileptino pair will give rise to l + l − plus missing. The missing energy however would distinguish the fermion signal from the boson one.
In Table 2 we show the masses of the new fields as well as the masses of the squarkss, sleptons, neutralinos, charginos and gluino. The input parameters at the GUT scale are the universal scalar mass m 0 , universal gaugino mass m 1/2 , M i 's, M ′ , tan β, A's and B's.
Again for simplicity we have assumed the masses M i to be same at the GUT scale. We also have assumed that other than the B associated with the f andf , all the B's are 0 at the unification scale. We also assume that all the A's are 0 at the GUT scale. From the and using the technique showed in the ref. [20] one can get a charge current excess. If charged current events do hold up, such additional multiplets will need to be considered.
In conclusion we have used leptoquark in the context of gauge unification and have discussed the mass spectrum and the signatures of the additionals fields needed to maintain the unification. We have showed that the fermionic partner of the leptoquark will be heavier than the scalar part. We have also showed that one combination of the leptoquark field and conjugate field (we need to add in order to cancel the anomaly) is lighter than the other combination, even though the soft mass generation mechanism is same for both types of fields. The heavier combination is still out of reach of Tevatron.
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